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Abstract 
The mechanical properties and the durability of cold-drawn eutectoid wires (especially in aggressive environments) are influenced by the residual 
stresses generated during the drawing process. Steelmakers have devised procedures (thermomechanical treatments after drawing) attempting to 
relieve them in order to improve wire performance. In this work neutron diffraction measurements have been used to ascertain the role of temperature 
and applied force - during post-drawing treatments - on the residual stresses of five rod batches with different treatments. The results show that 
conventional thermomechanical treatments are successful in relieving the residual stresses created by cold-drawing, although these procedures can 
be improved by changing the temperature or the stretching force. Knowledge of the residual stress profiles after these changes is a useful tool to 
improve the thermomechanical treatments instead of the empirical procedures used currently. 
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1. Introduction 
Eutectoid cold-drawn steels can be seen as - in present 
day terminology - nano-composite, nano-laminate materials, 
endowed with outstanding properties of strength and toughness 
that are still amazing to the modern metallurgist and materials 
engineer . Pearlitic cold-drawn wires and strands are the 
active tendons in prestressed concrete structures, support the 
tensile stresses in suspension and stayed bridges, and form the 
cables in mine shafts and off-shore petroleum production 
Cold-drawn steel wires suffer a large plastic deformation 
during the drawing process. After drawing, strains tend to 
recover but if hampered somewhere by previous plastic defor-
mation, a field of residual strains - and hence, stresses - may 
appear . The mechanical properties of cold-drawn eutec-
toid wires are controlled largely by the microstructure developed 
during processing and, to some extend, by the residual 
stresses generated in the drawing process . It is known that 
such stresses influence stress relaxation losses over time 
subcritical crack propagation in fatigue life , and envi-
ronmentally assisted cracking 
The role of these residual stresses is of such significance that 
steelmakers have devised procedures - still mainly heuristic -
to try to control them after cold-drawing. In the case of the 
prestressing industry, they attempt to modify the stress fields 
resulting from drawing by heating and/or stretching the wires 
The purpose of this paper is to provide original data on the 
effect of different thermomechanical post-drawing treatments on 
the residual stresses. Such results are based on neutron diffrac-
tion experiments that have provided data until now unattainable. 
2. Experimental 
2.1. Research programme 
The thermomechanical treatments applied by steelmakers 
to relieve residual stresses during cold-drawing are based on 
stretching and heating the wires during a short time period. 
This procedure - commercially secret - improves the mechan-
ical properties and enhances the durability of steel wires in the 
presence of aggressive environments. 
To ascertain the role of temperature and tensile stress - dur-
ing post-drawing treatments - on the residual stresses, Ave rod 
batches with different post-drawing thermomechanical treat-
ments were produced for this research: the first one (called S, 
standard) was made by stretching the rods at 0.50 of the rup-
ture load, at a temperature of 400 °C. The second and third 
batches were manufactured by stretching at different values, one 
at 0.38 of the rupture load (called LF, low force) and another 
one at 0.64 of the rupture load (called HF, high force), while 
keeping rod temperature at 400 °C. The fourth and fifth batches 
were processed at different temperatures while maintaining the 
stretching force at 0.50 of the rupture load: the fourth was heated 
at 330 °C (called LT, low temperature) and the fifth heated up 
to 460 °C (called HT, high temperature). In addition, the "as-
drawn" sample (called D) was also investigated. A summary of 
these thermomechanical treatments and its notation is given in 
Table 1. 
2.2. Material 
The samples were supplied by EMESA (Arteixo, La Coruna, 
Spain). The chemical composition of the steel used was 0.815 
C, 0.231 Si, 0.642 Mn, 0.012 P, 0.008 S, 0.044 V and 0.221 Cr 
(mass%). The initial rod (12 mm diameter) was subjected to six 
drawing passes to reach a final diameter of 7.0 mm. The schedule 
of diameters (% reduction in area) of the six drawing dies was: 
11.6mm (7%), 10.4mm (20%), 9.3mm (20%), 8.5mm (18%), 
Table 1 
Parameters of the thermomechanical heat treatments 
Batch 
D 
S 
LF 
HF 
LT 
HT 
Treatment 
"as-drawn" 
Standard treatment 
Low force 
High force 
Low temperature 
High temperature 
Force 
50 
38 
64 
50 
50 
(/'max %) Temperature (°C) 
400 
400 
400 
330 
460 
7.8 mm (16%) and 7.0 mm (20%). The drawing velocity was 
44 m/s. Temperature was controlled during the process and the 
maximum value measured on the wire surface at the exit of the 
last die was 197 °C. 
Longitudinal and transverse cross-sections were prepared for 
metallographic analysis. After polishing, samples were etched 
with Nital 2%. Before SEM observation, a thin Au-Pd film was 
deposited on the surface of the samples by sputtering. In the 
micrographs obtained by SEM (Fig. 1) it can be seen that the 
rod microstructure is fully pearlitic, as corresponds to the eutec-
toid point (0.8% C), with alternating nanosized ferrite (a-Fe) 
and cementite (Fe3C) lamellae (interlamellar spacing around 
100 nm). This is typical of cold-drawn eutectoid steel, the lamel-
lae being aligned in the drawing direction, which coincides 
with the rod axis . The different post-drawing thermo-
mechanical treatments do not produce visible changes in the 
microstructure. This is why only micrographs corresponding to 
Fig. 1. Microstructure of the eutectoid steel rods. Standard (S) treatment: (a) transverse cross-section and (b) longitudinal section; and high-temperature (HT) 
treatment: (c) transverse cross-section and (d) longitudinal section. The drawing direction (parallel to the rod axis) is perpendicular to the paper in (a) and (c) and 
lies in the paper (vertical direction) in (b) and (d). The light features correspond to the cementite and the dark regions between cementite lamellae are occupied by 
ferrite, which is etched by the reagent employed (Nital 2%). 
Table 2 
Mechanical properties of the different wires 
Batch Diameter (mm) 
7.02 
7.03 
6.97 
7.03 
6.99 
17
 max 
1817 
1814 
1820 
1833 
1784 
(MPa) ff0,2 ( M P a ) 
1610 
1601 
1645 
1688 
1496 
£max 
6.07 
5.97 
6.07 
4.93 
6.28 
(%) O0.2/Omax (%) 
s 
LF 
HF 
LT 
HT 
88.6 
88.2 
90.4 
92.1 
83.9 
the standard (S) and high-temperature (HT) samples are shown 
here. 
Conventional tensile tests were performed with a universal 
testing machine to obtain the mechanical properties of the wires. 
The results (average of three tests) are given in Table 2. As it 
is shown, the elastic limit ero.2 and the relation ero.2/ermax a r e 
increased by reducing the temperature or increasing the applied 
force, while no significant changes are found in the tensile 
strength (ermax). Increasing temperature improves the maximum 
uniform strain (emax) of the wires but it detrimentally affects the 
other properties. 
2.3. Residual stress measurement 
2.3.1. X-ray diffraction 
Residual stresses were measured at the surface of the samples 
by X-ray diffraction. A Rigaku Strainflex diffractometer oper-
ated at 30 kV and 8 mA was used. The a-Fe reflection under 
study was (21 1), which produces a Bragg peak at 20 = 156.08° 
for the Cr Ka radiation employed (A = 2.29 A). Experiments 
were performed in £2-mode. Diffraction peaks corresponding 
to 10 values of xjr angle (sin2 ijr interval from nearly 0-0.7) were 
recorded for each residual stress measurement. Parallel beam 
optics and Soller slits (1°) were used both at the X-ray tube and 
the scintillation detector to minimize defocusing errors. 
The diffractometer employed is a portable system. So, all the 
movements are performed by the goniometer, which includes 
the X-ray source and detector. A special experimental setup 
was designed for wires and rods, which consists of an XY table 
(±0.01 mm precision) with two wire supports specially designed 
for turning the wire around its axis at 45° steps. It allows one 
to perform measurements in large samples without having to 
cut them into small pieces. With this setup, residual stresses can 
be measured at several cross-sections along the same cylinder 
generatrix or in several generatrices corresponding to the same 
cross-section. In this way, the homogeneity of the surface stress 
state can be checked 
2.3.2. Neutron diffraction 
The neutron diffraction experiments presented in this paper 
were performed on the ENGIN-X Residual Stress Diffrac-
tometer, at the ISIS pulsed neutron and muon source (ISIS, 
CCLRC Rutherford Appleton Laboratory, Chilton, Didcot, UK). 
ENGIN-X is a 50 m flight path instrument. It sits on a curved 
"supermirror" neutron guide, with a large detector complement 
centered at 20 = 90°. It incorporates accurate and large capac-
ity positioning equipment, and a range of sample environment 
equipment for engineering studies of materials. The neutron 
pulse is diffracted by the specimen and detected by two detector 
banks centered on horizontal scattering angles of ±90° rela-
tive to the incident beam, each with 1200 elements, made up of 
five vertically stacked units of 240 scintillator detectors. This 
allows the simultaneous collection of diffraction patterns (com-
prising several peaks) corresponding to two orthogonal sample 
directions for each measurement 
Strain scanning was attempted in both phases of the rods, 
namely ferrite and cementite. However, cementite peaks could 
not be resolved in the patterns. Consequently, only ferrite peaks 
were indexed. Samples with a length to diameter ratio of 12-1 
were cut from the rods. Measurements were performed in the 
central cross-section of the samples where the residual stresses 
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Fig. 2. Schematic representation of the gauge volumes employed in the neutron diffraction experiments for the three strain components: axial, radial and hoop (all 
dimensions are scaled). There are two detectors, namely north and south detectors. 
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Fig. 3. Typical diffraction patterns recorded: (a) radial/hoop direction; (b) axial direction, including the fitting results and the ferrite and cementite reflections. 
generated by cold-drawing were not affected by the cutting pro-
cess . Ferrite lattice spacing was collected in the axial, radial 
and hoop directions of the samples, by measuring one point every 
0.5 mm. The strain scanning was carried out along the diameter 
perpendicular to the neutral plane of the rods, with R = — 3.5 mm 
corresponding to the inner radius and R = 3.5 mm being the outer 
radius. The gauge volume was defined by a combination of 
slits (incident beam) and collimators (diffracted beam). Dif-
ferent gauge volumes were employed for each direction (see 
Fig. 2), with the aim of achieving the same spatial resolution in 
all cases. In the axial measurements, a nominal gauge volume 
of 1 mm x 1.5 mm x 1 mm was used. For radial and hoop mea-
surements, the beam could be enlarged vertically without loss 
in spatial resolution (due to the symmetry of the sample). So, in 
this case the slit dimensions were 1 mm x 15 mm (incident) and 
1 mm (receiving). 
As explained above, the low intensity of the cementite peaks 
(hardly distinguishable from the background) prevented strain 
scanning in this phase. As an illustration, typical diffraction pat-
terns in the radial/hoop and axial orientations are shown in Fig. 3. 
In the radial/hoop orientation (Fig. 3a), there is some evidence of 
very small cementite peaks between the (2 0 0) and (110) ferrite 
reflections. However, in the axial orientation (Fig. 3b), there is 
no sign of cementite, mainly because the intensity is much lower 
due to the smaller gauge volume employed. A strong (110) fer-
rite reflection is found in the axial orientation, as expected from 
texture development in cold-drawn steel wires ; the other 
reflections being almost negligible, as can be seen in Fig. 3b. 
Rietveld refinement (with OpenGenie and GSAS software) 
was employed to analyze the results. In the radial and hoop ori-
entations, at least seven ferrite peaks were fitted. Single peak 
analysis was performed in the axial direction, because only 
(110) reflection had enough intensity. The fitting is very good, 
as can be seen in the difference curve (observed minus calculated 
intensity) in Fig. 3a and b. 
Calibration was performed with a standard cerium oxide pow-
der (a = 5.4114 A). The experimental lattice parameter obtained 
by Rietveld refinement provided two correction factors (one 
for each detector bank), which were applied to the measured 
values. 
3. Experimental results 
3.1. Residual stresses in ferrite 
The strain for a given (h k I) set of planes can be obtained 
from the variation in d-spacing: 
Sfikl 
dhkl • d° 
ahkl d° ahkl 
(1) 
where Shki is m e longitudinal strain in the direction of the scat-
tering vector, and d®klis the unstressed lattice spacing of the h k I 
reflection. The stress is then computed through the appropriate 
elastic model, as will be explained below. 
The unstressed lattice spacing, do, was computed from 
samples where the stresses had been relieved. To this end, sev-
eral cuts were carried out by electro-discharge machining in 
samples from the S and HT sets, respectively. The cuts left 
several isolated parallelepipeds (2 mm x 2 mm x 15 mm) where 
do was measured in the radial/hoop orientation (gauge volume 
1 mm x 15 mm x 1 mm). The final do employed in the calcu-
lations was an average of all the results corresponding to the 
different parallelepipeds in the samples employed. The result-
ing stress-free lattice parameter is 2.8665 A, with a standard 
deviation of 0.0002 A. 
The residual strains originated by cold-drawing (D sample) 
are significantly reduced by the standard treatment (S sample), 
as can be seen in Fig. 4. The strain profiles corresponding to the 
three directions become flatter and closer to zero, especially in 
the axial and hoop orientations. For example, the axial strain at 
the rod center changes from —4 x 10 - 3 in the D sample (Fig. 4a) 
to - 8 x 10~4 in the S sample (Fig. 4b). 
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Fig. 4. Residual strains in the radial, hoop and axial direction as a function of the radial coordinate: (a) "as-drawn" (D) sample; (b) standard treatment (S) sample. 
The variations to the standard thermomechanical treatment 
when the applied force is changed are shown in Fig. 5. If the 
applied force is reduced (LF sample), the strains are larger than 
the ones found in the standard treatment (S sample), as shown in 
Fig. 5a. Conversely, if the applied force is increased (HF sample) 
the strain profiles are smoother and closer to zero than the ones 
found with the standard treatment (S sample). As can be seen 
in Fig. 5b, the residual strains in the three directions are almost 
negligible in all points along the rod diameter. 
If the temperature is changed and the applied force is kept 
constant, the resulting residual strains are depicted in Fig. 6. 
Similarly to the effect of varying the applied force, when tem-
perature is decreased (LT sample, see Fig. 6a) the residual strains 
are larger than the ones measured with the standard treatment 
(S sample, see Fig. 4b). On the other hand, if the temperature 
is increased (HT sample), the strain profiles become almost flat. 
As can be seen in Fig. 6b, the radial and hoop strains in the 
high-temperature sample match the ones measured in the high-
force sample, and the axial strain profile is displaced to positive 
values. 
The residual stresses are calculated from the residual strains 
using linear elasticity . The elastic constants were com-
puted from S\ and S2/2 for the (1 1 0) ferrite reflection (single 
peak analysis for axial orientation measurements), which in 
turn were calculated from the single crystal elastic constants 
through the Kroner model , and their values are the fol-
lowing: Si = -1.2629 and S2/2 = 5.7155 ( x K r ^ P a " 1 ) . For 
the radial and hoop data (obtained by Rietveld analysis), the 
elastic constants were calculated from the isotropic aggregate 
constants (Young's modulus and Poisson's ratio), based on a 
Eshelby-based approach for aggregates of arbitrary elastic sym-
metry [19], and their values are: Si = -1.3884 and S2/2 = 6.0920 
(xlO- 1 2Pa- ! ) . 
The residual stresses in the ferrite phase are plotted in 
Figs. 7-9 as a function of the radial coordinate, R. As a result of 
cold-drawing, remarkable residual stress profiles are developed 
in the three directions, as can be seen in Fig. 7a, corresponding 
to the D sample. The steepest variations are found in the axial 
direction, the stresses varying from —1200 MPa at the rod cen-
ter to approximately 100 MPa at the surface. The hoop stresses 
are also compressive at the rod center (around —600 MPa) and 
tensile at the surface (around 400 MPa). As expected from the 
strain results, the radial stress coincides with the hoop stress at 
the rod center, and reaches its maximum at the surface (almost 
zero in one side and around —150 MPa in the other). The stan-
dard treatment produces smoother stress profiles in the S sample 
(see Fig. 7b). The data corresponding to the three stress com-
ponents are bound between —300 and 200 MPa, which are the 
minimum and maximum, respectively, of the axial stress. On 
the other hand, the hoop stress maximum is reduced to approxi-
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Fig. 5. Residual strains in the radial, hoop and axial direction as a function of the radial coordinate: (a) low-force (LF) sample; (b) high-force (HF) sample. 
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The axial stresses measured by X-ray diffraction at the rod surface are also depicted. 
mately 100 MPa at the surface, and the minimum is —250 MPa 
at the rod center (same value as the radial stress in this location). 
The consequences of changing the applied force while keep-
ing constant the temperature of the thermomechanical treatment 
are shown in Fig. 8. If the applied force is reduced, the result-
ing post-drawing treatment (LF sample in Fig. 8a) produces 
steeper stress profiles than the standard one (S sample in Fig. 7b). 
This is particularly noticeable in the axial component, where the 
minimum stress becomes lower than —500 MPa (compared to 
—300 MPa in the S sample). The radial and hoop stresses show 
small changes with respect to the values corresponding to the 
standard treatment. A clear profile asymmetry is found in the 
three directions. On the contrary, if the applied force is increased, 
the residual stresses are considerably reduced. The profiles for 
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the three components are almost flat and their values bound in 
a narrow band of 200 MPa width (from -200 to OMPa). The 
average stress (compressive for the three directions) is around 
-100 MPa. 
If the temperature is changed and the applied force kept con-
stant, the calculated residual stresses are the ones depicted in 
Fig. 9. In the low-temperature sample (Fig. 9a), the residual 
stresses are larger than in the standard treatment (Fig. 7b) for all 
stress components. The radial stress is always compressive with 
a minimum lower than —500 MPa displaced from the rod cen-
ter, and a maximum around —100 MPa close to the surface. The 
hoop stress is tensile at the surface (around 200 MPa) and com-
pressive at the center (approximately —400 MPa). As happened 
with the low-force sample, the largest variations correspond to 
the axial component. The axial profile is noticeable asymmet-
ric, with a minimum around —900 MPa close to the rod center, 
and a maximum around 100 MPa at the surface. The results for 
the high-temperature sample are shown in Fig. 9b. In this case, 
the profiles are smoother than those of the standard sample (see 
Fig. 7b). Nevertheless, they are slightly different from the ones 
obtained for the high-force sample (see Fig. 8b). The radial and 
hoop stresses are very similar and rather constant, with an aver-
age value of —100 MPa (note that this does not violate stress 
balance because balancing stresses may exist in the cementite 
phase—see later). The axial stresses are slightly tensile, with 
values ranging from —50 to 100 MPa approximately. 
4. Discussion 
The measured peak positions have a remarkable accuracy. 
The strain error is around 3 x 10 - 5 for the radial and hoop com-
ponents and 9 x 10 - 5 for the axial one. Consequently, the error 
bars in the strain and stress results are very small (they have 
almost the same size as the symbols used in the plot). In addi-
tion, the axial residual stresses measured by X-ray diffraction at 
the rod surface agree with the neutron diffraction data, as can 
be seen in Figs. 7-9. This provides additional evidence of the 
reliability of the calculated residual stresses. 
The small asymmetry observed in the residual stress profiles 
deserves some comments. Every sample was precisely posi-
tioned (±0.1 mm) by measuring entering curves through the rod 
surfaces by neutron diffraction. Moreover, it should be noted that 
there is excellent agreement between the radial and hoop strains 
exactly at the rod centre in all samples. Consequently, inac-
curacies in sample positioning should be discarded. The most 
likely explanation of the asymmetry seems to rely on residual 
stresses associated with the shape of the sample —slightly 
bent due to cold-drawing. As it was explained above, the scan-
ning diameter was perpendicular to the neutral plane of the 
rod (R = — 3.5 mm is the inner radius and R = 3.5 mm the outer 
one). The post-drawing thermomechanical treatments not only 
attempt to reduce residual stresses but also to straighten the rods. 
The fact that after "soft" thermomechanical treatments (such as 
LF and LT) the rods still show some curvature and also exhibit 
the largest asymmetry in the residual stress profiles, supports 
this explanation. 
Residual stresses in the direction of the rod axis - axial 
stresses - are meaningful because they add to the external loads 
during rod performance. Consequently, in the following discus-
sion only axial stresses will be considered. Fig. 10 shows the 
profiles of axial stresses for the ferrite phase after cold-drawing 
(D). It can be noticed that, axial stresses can reach values as 
high as —1200 MPa at the rod centre and at the surface the 
stress changes sign and achieves tensile values. The authors 
have shown that this residual stress profile has some deleteri-
ous effects on the mechanical behaviour of the wires [3,9], as 
well as on their durability [13]. 
The profile of residual stresses after cold-drawing is improved 
by the standard (S) treatment (temperature around 400 °C and 
stretching force around 0.50 of the rupture load), as shown 
in Fig. 10. The stress profile is flattened; stresses at the rod 
centre are close to —300 MPa, although stresses at the surface 
are not substantially reduced. This type of profile improves the 
mechanical properties , the stress relaxation behaviour (a 
significant aspect for prestressing steels), and their susceptibility 
to environmental assisted cracking . As already mentioned, 
detailed values of the thermomechanical treatment used by steel-
makers - temperature and stretching force - are largely empirical 
and not easily available in the open literature. Any additional 
information of the effect of these parameters on the final profile 
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of residual stresses would be welcome for improving the final 
treatments. 
The effect of the stretching force during the post-drawing 
thermomechanical treatment is shown in Fig. 11, where the stan-
dard treatment (S) provides better results than the treatment with 
lower force (LF). However, it seems that the residual stresses can 
be further reduced by increasing the stretching force (HF), as 
shown in the corresponding profile, which is almost flat. How-
ever, this reduction scarcely affects the tensile properties, as can 
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be noticed in Table 2. The only remarkable variation is a small 
increment in the conventional yield stress ao.2-
The effect of the temperature during the post-drawing 
thermomechanical treatment is shown in Fig. 12, where the 
longitudinal stress profiles for the ferrite phase are compared. 
Clearly the low-temperature treatment (LT) produces poor 
results. It seems that the temperature is insufficient to notice-
ably reduce the stresses, nor the wire curvature (this may be the 
reason for the asymmetry of the profiles, as already mentioned). 
The standard treatment (S) appears satisfactory, however if the 
temperature is increased (HT) the results are better and the dif-
ferences between stresses at the surface and at the centre become 
almost negligible. In this case, the variations of temperature 
induce changes in the tensile properties, as shown in Table 2. 
The low-temperature treatment (LT) increases yield stress and 
decreases ductility (measured as elongation under maximum 
load). On the other hand, at high temperature, ductility increases 
but yield and tensile stress decrease. It is worth remarking that 
although the HT treatment is very effective in reducing residual 
stresses, changes in yield (ao.2) anc^ tensile stresses (<7max) pro-
vide values of ao^/^max (0.839) unacceptable by standards that 
require cr 02^ max > 0.85 
As previously mentioned, it has been unfeasible to measure 
the residual stresses in the cementite phase due to the poor peak 
statistics. Nevertheless, an average value of the axial stress in 
the cementite phase can be computed from the knowledge of 
the longitudinal values of the ferrite phase with some additional 
hypotheses. 
The average value, in the cross-section, of the axial residual 
stress in the ferrite phase, erf1, can be computed from 
2TT ,2 ni rof dr = TTRof (2) 
Table 3 
Average values of axial residual stresses for ferrite and cementite 
Batch 
of (MPa) 
of (MPa) 
D 
-400 
3600 
S 
30 
-270 
LF 
20 
-180 
HF 
-60 
660 
LT 
-150 
1350 
HT 
50 
-450 
where at(r) is the value of the longitudinal stress at a distance 
r from the centre of the section, and an axisymmetric stress 
distribution is assumed. 
The average value of the residual stress in the cementite 
phase, er™, can be obtained from the force equilibrium require-
ment, the knowledge of the volumetric fraction of the ferrite, / 
(f=0.9 for the steels used in this research), and assuming the 
rule of mixtures: 
(1 - f)af + faf = 0 (3) 
The computed average values of the ferrite and cementite 
phases for the as drawn and the five batches considered in this 
research are shown in Table 3. It can be seen that the aver-
age axial stresses in the cementite can be very high, reaching 
around 3600 MPa in the "as-drawn" (D) sample. The mechanical 
behaviour of the cementite lamellae inside the pearlitic structure 
is not well known, although it seems to be very different from 
"bulk" cementite. The studies of Gil-Sevillano [21] show that 
the lamellar cementite should have some ductility to explain 
the deformation and the tensile strength reached by cold-drawn 
pearlite. In fact he concludes that the fine pearlitic structure 
and the important compression stress components allow the 
cementite to be ductile in cold-drawn pearlite. It has also been 
demonstrated the influence of the hydrostatic component of 
cold-drawing in the deformability and mechanical behaviour 
of cementite . Regarding the tensile strength of cementite 
in fine pearlite, there are a number of studies where cementite 
stresses similar or higher than 3600 MPa have been reported 
From Figs. 11 and 12 it appears that treatments at high force 
(HF) and at high temperature (HT) provide a good smoothing 
of the profile of residual stresses. Table 3 can supply additional 
information in relation with the mechanical behaviour during a 
tensile test. It was found that the yield stress for the HT batch 
was much lower than the values from other batches (see Table 2). 
This might be due to microstructural changes associated to the 
HT treatment, although residual stress might also play a role. 
In fact, the average value of the axial residual stress (in the soft 
ferrite phase) in the HT sample is 50 MPa - the highest average 
tensile stress of all five batches. When an external tensile stress 
is applied, it adds to the residual stress until yielding is reached. 
Consequently, the higher the residual stress in the axial direction 
the sooner yielding will be reached. 
It is apparent that the knowledge of residual stress profiles 
of both phases (ferrite and cementite) would be desirable to 
evaluate the effectiveness of the thermomechanical treatments. 
Nevertheless, if the residual stress cannot be measured in the 
cementite phase, as in our case, still some valuable results can 
be obtained from ferrite alone. From this point of view, neutron 
diffraction is a very powerful technique to improve thermome-
chanical treatments based on quantitative data instead of the 
empirical procedures used nowadays. 
5. Conclusions 
The thermomechanical treatments are successful in relieving 
the residual stresses created by cold-drawing, although the role 
of the temperature and the stretching force are not completely 
understood. The standard treatment (S) is satisfactory. The treat-
ments with less force (LF) or lower temperature (LT) are less 
reliable. If the temperature (HT), or especially the force (HF), 
is increased, the results are much better. It can be seen that the 
residual stresses in the ferrite are almost negligible in both cases. 
The best results are found when the force is increased (HF). In 
this case, all stress components are slightly compressive in the 
ferrite phase, with a minimum around —200 MPa. This means 
that the cementite phase must be in tension to fulfill the load 
balance. 
The technique based on neutron diffraction allows quanti-
tative analysis of the residual stress profiles across the wire 
section. This procedure enables, in principle, the evaluation 
of the stresses in the different phases of the material and an 
assessment of the role of the temperature and stretching force 
during the thermomechanical treatments after cold-drawing. 
Consequently, this technique may be a useful tool to develop 
thermomechanical treatments based on quantitative measures 
instead of the empirical procedures used nowadays. 
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